In this study, one-step electrochemical polymerization method was developed for the fabrication of multi-walled carbon nanotubes/poly-ortho-aminophenol (MWCNTs/PoAP) composite film to detect oxytetracycline. The fabricated nanocomposite shows good stability and enhanced electrocatalytic ability for the detection of oxytetracycline. The resulting composite can be used as electrode material in an electrochemical capacitor. Scanning electron microscopy and electrochemical methods have been used to characterize the MWCNTs/PoAP nanocomposite film.
Background
Conducting polymers are important materials of considerable interest in many fields including corrosion inhibitors, batteries, organic electronics, electrochromic devices and sensors [1] [2] [3] [4] [5] [6] . Among Conducting polymers, poly ortho aminophenol, has been research focus [7, 8] , which is due to its good redox reversibility, unique doping characteristics, good stability, and its high conductivity. Multi-walled carbon nanotubes (MWCNTs) have chemical stability, highly accessible surface area, unique structure, narrow distribution size, and low resistivity [9] [10] [11] [12] [13] . It has been shown experimentally that the introduction of carbon nanotubes (CNTs) into a polymer matrix improves the electric conductivity as well as the mechanical property of the original polymer matrix [14] [15] [16] . Oxytetracycline is one of the most common tetracyclines that are widely used for the treatment of infectious diseases [17] . Modified electrodes are being used continuously in the voltammetric determination of organic compounds because of their efficiency and the selectivity that can be obtained by varying the modifier. Herein, we describe a simple strategy for the aligning of disordered CNTs within the conducting polymer matrix by in situ electropolymerization using an ionic surfactant as the supporting electrolyte. In this study, the modified electrode was fabricated successively by electropolymerization of orthoaminophenol (oAP) in the presence of dodecyl benzene sulfonic acid sodium (DBSA) onto a platinum electrode (PtE) surface. The prepared electrode was characterized by linear sweep voltammetry, cyclic voltammetry, and scanning electron microscopy (SEM) techniques. It exhibited excellent electrochemical response to oxytetracycline with good stability and sensitivity and featured with a low detection limit and wide linear range.
Results and discussion
Characterization of the modified electrode Figure 1 shows the cyclic voltammograms of the electropolymerization of ortho-aminophenol monomers in the presence of MWCNs. The effect of DBSA, as an anionic dopant, on the electropolymerization of the polymer in aqueous solutions has been investigated. DBSA increases the conductivity of the polymer [7] . The broad peak on the first positive sweep (Inset of Figure 1 ) between 0.61 and 0.75 V is due to the oxidation of the hydroxyl group of oAP and amino group, which leads to the polymerization of the monomer [18] . In the second cycle, a pair of redox peaks appears at 0.34 and 0.31 V, which related to the formation of a cyclic dimmer of the polymer, the 3-aminophenoxazone (3APZ). As it can be seen in Figure 1 , during continuous cycling, the current response of this pair of redox peaks diminishes slowly, and at the same time, another redox peak appears between 0.1 and 0.23 V. This pair of redox peaks is due to the oxidation and reduction of PoAP, indicating the formation of PoAP [19] . Therefore, 3APZ plays the role of a monomer in the formation of PoAP as evident from the disappearance of the system at 0.34 V and corresponding growth of the polymer film between 0.1 and 0.23 V.
The cyclic voltammograms of the PoAP film and MWCNTs/PoAP composite have a couple of strong and broad oxidation and reduction waves in a solution of 0.5 M NaClO 4 /HClO 4 ( Figure 2 ). Figure 2a shows a pair of redox peaks at around 0.12 V attributed to the redox process of the phenoxazine units. The evanescence of a pair of redox peaks at around 0.34 V due to the absence of the oAP monomer, indicating that the redox peaks have been generated during the oxidation process of the oAP. To elucidate the effect of MWCNTs on the property of PoAP films, electrochemical performance of composite films was evaluated by carrying out cyclic voltammogram measurements in 0.5 M NaClO 4 /HClO 4 ( Figure 2b ). The cyclic voltammograms of the MWCNTs/PoAP films show a higher background current in the potential sweep. The peak current of a MWCNTs/PoAP composite is stronger than that of pure a PoAP film. The voltammetric behavior of both films is similar and shows capacitive-like responses. A comparison between the voltammograms of MWCNTs/PoAP and pure PoAP electrodes demonstrates that the composite not only shows a higher background current in the potential sweep but also there exists faradic currents, which are due to the participation of the loaded MWCNTs. Owing to the higher currents in the cyclic voltammogram of the MWCNTs/PoAP, a larger capacitance for capacitors equipped with MWCNTs/PoAP is predictable and the MWCNTs/PoAP composite acts as a supercapacitor with a specific capacitance of 395 F·g
The specific capacitance was determined by the cyclic voltammetry technique. The specific capacitance (SC) was calculated from the cyclic voltammogram, according to the following equation [20] :
where i is the average cathodic current, s denotes the applied potential sweep rate, and m is the mass of each active material on the electrode. Figure 3 shows the SEM micrographs of the pure PoAP and MWCNTs/PoAP composite. As it can be seen from Figure 3a , PoAP/Pt has an incompact and rough structure. After the synthesis of MWCNTs/PoAP onto the surface of Pt (Figure 3b) , a uniform and compact layer was obtained, indicating a strong interaction between the polymer and carbon nanotube [21] . It was clearly observed that the MWCNTs/PoAP composite ( Figure 3b ) has a larger surface area in comparison with PoAP/Pt films. The nanocomposite film formed a homogenous and three-dimensional film structure.
Electrocatalytic oxidation of oxytetracycline
The linear sweep voltammogram of different electrodes in a solution of oxytetracycline are shown in Figure 4 . It can be seen that the oxytetracycline peak at the bare platinum electrode is relatively weak (Figure 4a ) which is due to the slow electron transfer. Figure 4b shows the oxidation of oxytetracycline on PoAP/Pt electrode. It is obvious that the presence of the PoAP film leads to the great reinforcement of the anodic peak. The presence of MWCNTs on the bare electrode improves the electrocatalytic oxidation of oxytetracycline (Figure 4c ). In comparison with other electrodes, MWCNTs/PoAP/Pt electrode exhibits better electrochemical response (Figure 4d) . Therefore, the combination of PoAP and MWCNTs results in the increase of the oxytetracycline current response. To some extent, the current of oxytetracycline is dependent on the thickness of MWCNTs/PoAP composite, which can easily be adjusted by controlling the number of potential cycles during the electropolymerization. The maximum anodic peak current of oxytetracycline is observed when 50 potential cycles were used for the fabrication of modified electrode ( Figure 5 ) and then the electrochemical response decreased. So, the number of cycles was found to affect the sensitivity and linearity of the sensor. This indicates that increasing the MWCNTs/PoAP composite thickness after a specified extent leads to the reduced transfer rate of electron in the film. Thus, 50 cycles of electropolymerization for fabrication the MWCNTs/PoAP composite was selected for this study and it exhibited favorable analytical performance. For further investigation, the dependence of the anodic peak current (i pa ) of oxytetracycline with scan rate (ν) was also studied for MWCNTs/PoAP/PtE. As shown in Figure 6 , the response of the MWCNTs/PoAP/PtE to oxytetracycline increases as the scan rate increases up to 70 mV·s −1 and then decreases. The MWCNTs/ PoAP produced at a faster scan rate were found to form a loose film with a low recognition capacity. Therefore, the optimum scan rate has been found to be 70 mV·s −1 .
Conclusion
MWCNTs/PoAP composite were successfully fabricated through the electrochemical polymerization on the surface of platinum electrode. The SEM micrograph of the composite shows a porous morphology that wrapped on the surface of MWCNTs. The composite have good response to oxytetracycline at low potential. MWCNTs and the cross-linked structure of PoAP exhibit an electrocatalytic activity for the oxidation of oxytetracycline, which greatly facilitated the electron-exchange between oxytetracycline and the electrode and decreased the overpotentials for the oxidation of oxytetracycline. The sensor produced several advantages over the conventional, including low cost, sustainable electrocatalytic ability. It shows a distinguished stability. The sensor opens a new doorway for the application of MWCNTs/ PoAP as analytical devices. It might find application as an amperometric sensor with good stability and reproducibility for the determination of oxytetracycline which is reported in our other research.
Methods
All materials (ortho-aminophenol, dodecyl benzene sulfonic acid sodium, perchloric acid, sodium perchlorate, and oxytetracycline) were with analytical grade (Merck, Whitehouse Station, NJ, USA). Typical MWCNTs with outer diameter in the range of 5 to 20 nm and lengths up to several hundreds of nanometers were used. Solutions were prepared using doubly distilled water. Electrochemical studies were carried out in a onecompartment three-electrode cell powered by a Metrohm-Autolab potentiostat/galvanostat (model 12/ 30/302, Utrecht, The Netherlands). An Ag/AgCl electrode and a platinum foil with a large area were used as reference and auxiliary electrode, respectively. A MWCNTs/PoAP composite film was used as a working electrode. The morphology of the obtained films was characterized using a KYKY-EM3200 field emission scanning electron microanalyzer (Beijing, China). The pH values of the solutions were determined using a pH meter (827, Metrohm, Riverview, FL, USA). Numerous amounts of purified MWCNTs were dispersed ultrasonically (Sigma-Aldrich-Bandelin Sonopuls ultrasonic homogenizer, Munich, Germany) into a dodecyl benzene sulfonic acid sodium solution. All the experiments were carried out at 22 ± 1°C.
The preparation of the modified electrode (MWCNTs/ PoAP/ PtE)
Bare platinum electrode was polished by 0.05 μm alumina powder and then washed ultrasonically in water and ethanol, respectively. For the preparation of MWCNTs/polyortho-aminophenol (PoAP) composite film on platinum electrode, the aqueous micellar medium was prepared by dissolving 2.0 mM oAP in an aqueous solution containing 0.2 mg mL −1 purified MWCNTs, 0.01 M DBSA, and 0.05 M NaClO 4 /HClO 4 ultrasonically for 10 min. The MWCNTs/PoAP/PtE was formed by dipping PtE into the prepared mixture solution and then scanning in the potential range from −0.1 to 0.75 V at 0.1 V·s −1 for 50 cycles. The PoAP/PtE were prepared in the same way but without the addition of MWCNTs.
